Abstract. The effect of As pressure of the disordering effect of Zn diffusion into GaAs/AIAs superlattices has been studied. It has been found that the amount of disordering is increased when no excess As is added to the ampoule. In previous work, it was found that dislocation loops form near the Zn-diffusion front. The present results confirm these observations, except for the case where the Zn diffusion was performed in the absence of excess As. Moreover, the Zn penetration was found to be the greatest when there was no excess As added to the diffusion ampoule. Three suggestions are presented to explain our observations.
Introduction
Among all the 111-V superlattice systems, AlAs-GaAs is probably the most widely studied due to the low level of lattice mismatch at the AlAs-GaAs interface. AlAs-GaAs superlattices in general are very stable under high-temperature annealing. However, intermixing of the layers can happen at relatively low temperatures if an impurity species, such as Zn, is diffused into the superlattice. This effect, known as diffusion-induced disordering (DID), was first reported by Laidig et a1 (1981) . Since then, the technology of DID has been progressing rapidly. As noted in our earlier paper (Harrison er a1 1989) , the effects of point defects on the disordering mechanism cannot be ignored. In fact, it has been reported that group I11 vacancies can produce an enhancement of the intermixing of the group I11 elements in GaAs-A1As superlattices (Guido et a1 1987a) . The importance of this effect arises from its potential of being used in the manufacture of integrated optoelectronic devices (for example low-threshold solid-state lasers (Deppe er al 1986 , Gavrilovic et a1 1985 ,Welch et a1 1987 and optical waveguides (Guido et al 1987b) ).
It has been reported (Harrison et a1 1989) that the diffusion of Zn into AlAs-GaAs superlattices caused the generation of interstitial dislocation loops, which are believed to consist of group I11 atoms. From these results it was concluded that the DID effect was primarily due to the diffusion of group I11 interstitials generated near the Zn-diffusion front. In the current work, the effect of As overpressure on the diffusion of Zn, and the resulting disordering, have been investigated by means of transmission electron microscopy (TEM), secondary ion mass spectroscopy (SIMS) and angle-lapping techniques. The presence of As overpressure during the diffusion of Zn into the AlAs-GaAs superlattice structure had a dramatic effect on both the occurrence of the dislocation loops and the width of the impurity profile.
Experiment
The superlattice used in the experiments was grown on a semi-insulating GaAs wafer by molecular beam epitaxy (MBE) . It consisted of a 2 pm thick GaAs buffer layer, 20, 570 A wide, GaAs layers sandwiched by 21, 570 A wide, AlAs layers and a 800 A GaAs capping layer. The whole structure was nominally undoped. The diffusion source of 1 mg of metallic Zn and a small amount of elemental As were placed into a silica ampoule of approximately 8.4 cm3 along with the superlattice sample. The ampoule was evacuated to better than 6 x 1O"j Torr and sealed. Three ampoules were prepared, one without any As and the other two with 1 mg and 6 mg. Each ampoule was separately placed in a furnace at 700 "C for 5 minutes. As soon as the ampoule was taken from the furnace, it was quenched with cold water. To avoid any re-deposition of diffusant on the superlattice sample surface, care was taken to ensure that, during quenching, the superlattice sample sat at the opposite end of the ampoule to that being rapidly cooled.
For the preparation of transverse TEM specimens, a method similar to that outlined by Pettit and Booker (1971) was used. The diffused superlattice sample was first cut, so that it was approximately a 3 mm square. The sample was then broken into two halves which were stuck together by high-strength epoxy resin so that the capping layers were facing each other. The specimen was mechanically ground to approximately 30 pm thick using successively finer grades of alumina. To achieve the final thickness required for TEM analysis the sample was ionmilled by Ar' ions which had been accelerated through a voltage of 4.2 kV.
The SIMS was performed in a CAMECA IMS-3F system with a CS+ primary ion source operating at an acceleration voltage of 10 kV. The Zn ion counts were normalised against the As signal. The final concentration was derived from a previously analysed implanted standard. Although not presented in this paper SIMS was used to detect the concentration of Ga, A1 and As. These measurements unequivocally demonstrate that disordering had occurred.
Since the preparation of a transverse TEM specimen is rather time consuming, an angle-lapping technique was used to enable quicker throughput of samples. In all angle-lapping it is necessary to hold the specimen at a small angle with respect to the polishing surface. In this case, it was achieved by placing a small specimen of size approximately 1.5 mm x 1.5 mm, cut from the sample, very close to one end of a glass microscope slide. Obviously the magnitude of the shallow angle, and hence the magnification, is dependent on the length of the slide glass and the thickness of the specimen. The anglelapping was performed by polishing the inverted glass slide by hand with 1.0 pm alumina suspension on a flat 6 inch diameter disc made from potting epoxy. Under an optical microscope, the MBE layers appeared as fringes. Wherever these fringes were unobservable or diffused, disordering was deemed to have occurred.
Results
The corresponding optical micrographs taken from the angle-lapped specimens of the As-grown and Zn-diffused samples are shown in figure 1. To confirm the disordering was not due to thermal disordering, a sample was annealed without any Zn-diffusion source. No degradation of the superlattice structure could be observed. In fact, when a specimen which had been annealed for 17 hours at 700 "C was viewed under the TEM, only a slight change of sharpness of the AlAs-GaAs interfaces could be observed. It was therefore concluded that the disordering effects observed in the Zn-diffused samples were caused by the diffusion of Zn. From figure 1 it can be seen that the extent of the Zn-induced disordering was dependent on the amount of As in' the ampoule. Generally, an increase in the As vapour pressure decreases the width of the disordered region.
SIMS profiles of the Zn concentration in the samples are shown in figure 2. SIMS revealed that having no As in the diffusion ampoule resulted in a deeper penetration of Zn into the superlattice sample causing more disordering of the superlattice. This is in agreement with the anglelapping results presented earlier. It can be shown that the concentration of As vacancies at the surface of the semiconductor is inversely proportional to the fourth power of the As pressure over the sample. (This assumes that the As vapour has a chemical composition of As,.) In 111-V semiconductors which are in equilibrium, the product of the concentration of group I11 vacancies and the concentration of group V vacancies is a constant. Therefore, the concentration of group 111 vacancies at the surface varies as PAL:. This means that if an effect varies on the concentration of either group 111 interstitials or vacancies, then the greatest change in the observed effect will be when comparing the results obtained at the dissociation overpressure of As (no excess As added to the ampoule) with the case where a small amount of excess As was included with the specimen. The addition of further As will not significantly change the vacancy concentration and therefore the observed effect will not change by any significant amount. This can easily be seen by looking at figures 1 and 2. There is little difference between the positions of the Zn-diffusion front obtained with 1 mg of Zn and 6 mg of As in the ampoule (the diffusion front being defined as the depth at which the concentration of Zn rapidly drops). However, a large difference in diffusion depth was observed for the cases with 1 mg and no As in the ampoule. In the region where disordering was not complete, oscillations of Zn concentration occurred. Several possible explanations for these oscillations were presented in our earlier paper (Harrison et al1989). The most likely is that the oscillations were in fact changes in concentration, the higher concentrations being found in GaAs layers.
In an earlier paper (Harrison et al1989) an additional feature was observed in the TEM micrographs of Zndiffused specimens. Near to the region where the superlattices became disordered, but behind the Zn-diffusion front, small bands of dislocation loops were observed. These loops were found to be interstitial in nature. In the present results (figure 3) the same effect can be observed in those samples which had excess As added to the ampoule during diffusion. It should be noted in general that the contrasts of the TEM pictures to different AlGaAs compounds are less than angle-lapped pictures. The sample which had no As added to the ampoule was an exception. In this case, no dislocation loops were observed. One possible explanation could be that the dislocation loops were annealed out during the ion milling step of the TEM sample preparation routine. Three samples were prepared, using a low milling current and acceleration voltage, so as to minimise the heating effect of the sample. No dislocation loops were observed in any sample. Therefore, it was concluded that the diffusion of Zn into the superlattice,in the presence of excess As in the diffusion ampoule, caused the generation of dislocation loops. However, dislocation loops were not generated in diffusions which had no excess As added to the ampoules.
Discussion
It has been generally accepted that Zn diffuses into GaAs interstitially by Longini (1962). However, there are two mechanisms for the incorporation of the interstitial Zn onto the substitutional site. Though not as well investigated as GaAs, Zn diffusion in AlAs may be assumed to operate under the same mechanism because of the physical similarities between the two materials. The first model proposed for the incorporation of Zn onto the As lattice sites assumes a reaction occurs between the positively charged Zn interstitials (Zn,') and the neutral Ga vacancies (V,,) to form negatively charged substitutional Zn atoms (Zn,-) and the corresponding holes to restore charge neutrality:
More recently another model has been put forward by Gosele and Morehead (1981) . In this model, the Zn becomes substitutional by 'kicking out' a Ga atom:
Zni' + Ga -Zn,-+ I,, + 2h. (2) A few attempts have been made to distinguish between the models. Van Ommen (1983) concluded, by fitting theoretical diffusion curves to the diffusion profiles of Tuck and Kadhim (1972) , that the best fit occurred when the Kick-out model was assumed. It should be noted that neither model fits all the experimental profiles convincingly. Stolwijk et al (1988) performed a series of Zn diffusions into dislocation free and highly dislocated crystals. They concluded from their studies that the two mechanisms are probably indistinguishable.
It is normal in diffusion experiments to assume that the surface of the semiconductor and the external phases quickly reach equilibrium. If this assumption is made, and assuming the external phase of the As vapour is As,, the surface concentration of Ga vacancies is given by:
where K , is a constant and P,, is the vapour pressure of As,. It can also be easily argued that the effect of increasing the As pressure is to increase the surface concentration of the Zn. This has been shown to be true over a wide variety of diffusion conditions Houghton 1981, Kadhim and . The other observable feature of their profiles and the ones presented here is that the penetration of the Zn is greater in the diffusion performed with no overpressure of As,. Kadhim and Tuck (1972) explained this variation of depth with As pressure for their iso-concentration diffusions by considering the 'effective' diffusion coefficient of Zn. This can be shown to be of the form:
where [Zn,] is the concentration of substitutional Zn atoms, [V,,] is the vacancy concentration of Ga at the surface, K , is a constant and Di is the diffusion coefficient of Zn interstitials. However, in the experiments of Kadhim and Tuck, the specimen underwent two diffusions. First the specimens were diffused for a long period of time so that at the end of the diffusion the sample was in equilibrium with the external phases. The second diffusion was performed with the same amount of Zn and As so the diffusion was essentially performed in equilibrium. The Zn used in the second diffusion was radioactive. Therefore the Zn-diffusion profile could be determined by measuring the radioactivity at different depths. The As, pressure determines the concentration of G a vacancies throughout the specimen and, from equation (l), the diffusion coefficient. In the present experiments the Zndiffusion profiles were obtained when the system was out of equilibrium. More particularly, the surface concentration of V,, will not be the same as the concentration in the bulk and so the above explanation does not hold. The concentration of Ga vacancies in the bulk is no longer governed by the excess As, but the number present when the crystal was grown. If the surface of the semiconductor is assumed to be in equilibrium with the external phases, it can be argued that the surface concentration of substitutional Zn would increase if the As overpressure is increased. This is in agreement with previous results. Carrying this argument further, if the law of mass action is applied to equations (1) and (2), the concentration of Zn interstitials at the surface will also increase with increasing As, overpressure. These interstitials will then diffuse into the crystal. Since the diffusion coefficient of the Ga vacancies is very small compared with the Zn interstitials, the concentration of Ga vacancies will be independent of the external conditions. Therefore the penetration of the Zn will be the greatest for the sample which has the largest number of Zn interstitials at the surface. This means that greatest penetration should be when there is a large As, overpressure. This is clearly not the case in the present results nor in the previous work in plain GaAs. Harrison et al(1989) assigned the enhancement of the interdiffusion of the Ga and A1 during Zn diffusion to the generation of Ga and A1 interstitials just behind the Zndiffusion front. Evidence for this was presented by Harrison et al(1989) , who observed dislocation loops behind the Zn-diffusion front. Subsequent analysis showed them to be interstitial in nature. In the Kick-out model the source of these interstitials is self-evident whilst in the Frank-Turnball method a further step is required. As the Zn becomes substitutional, there is a reduction in the number of vacancies. The crystal attempts to recover the equilibrium concentration of the group I11 vacancies by generating group I11 interstitial atoms. The results presented here show that where there is an overpressure of As, during the diffusion, dislocation loops were observed. In contrast, in the sample which had no excess As added, dislocation loops were not observed.
As argued earlier, the surface concentration of Zn increases with As overpressure. It was also argued that the concentration of Zn interstitials at the surface would also increase with increasing As overpressure. Therefore one would expect a greater generation of group I11 interstitials in the bulk of the semiconductor, because of the increase in the number of Zn interstitials moving onto the substitutional site. The observation of no dislocation loops in the sample which was Zn diffused under dissociation pressure of As can therefore be easily explained. In this sample the concentration of group 111 interstitials will be less than the other two Zn-diffused samples and, if supersaturation of group 111 interstitials does not occur, then no dislocation loops will be formed.
The variation of the Zn-diffusion depth with As overpressure could have one of three explanations. Firstly, in the samples which were Zn diffused with an As overpressure, dislocation loops were generated. It is well known that such loops can act as precipitation centres and so a mechanism exists for the removal of interstitial Zn from the diffusion process. This may result in a decrease of the Zn-diffusion front when compared with the sample diffused under dissociation pressure of As which had no dislocation loops. In Zn-diffused GaAs, precipitates decorating dislocation loops have been observed, although in the present experiments no precipitates could be observed. However, the loops are very small in size and any precipitate decorating the dislocation loops may be too small to be observed.
Secondly, we have assumed so far that the diffusion coefficient of the Ga vacancies is the same as in the intrinsic material. This may not be the case. For example, Tan and Gosele (1987, 1988) have proposed that the enhancement of the interdiffusion of Ga and A1 in silicondoped samples is due to the increase in the number of VGa3-with doping level. A similar process could be occurring here. In this case the charged vacancy would be positively charged. If the diffusion coefficient of these charged vacancies was sufficiently high, the vacancy concentration in the Zn-diffused regions would be determined by the surface concentration. Therefore, the specimens which were diffused with no As added to the diffusion ampoule may have fewer Ga vacancies in the bulk of the material and so the Zn would penetrate further. The diffusion of the vacancies from the surface would also account for some of the group I11 intermixing. However, it is felt that this suggestion is very unlikely. There have been no reports of positively charged Ga vacancies. Moreover, it is generally accepted that the charge state of a Ga vacancy is negative.
The final explanation relies on the fast diffusion of group I11 interstitials. The increase in As overpressure not only affects the group I11 vacancy concentration but also the group I11 interstitial concentration. It can be shown that by decreasing the As overpressure, the concentration at the surface of the group I11 interstitials will increase. The diffusion of these group I11 interstitials into the bulk could cause the difference in Zn-diffusion depth.
At present no experimental evidence can be presented to say which explanation is right. Modelling of the diffusion process may throw light on which mechanism is correct.
Conclusion
The effect of As overpressure on the DID effect on an AlGa-GaAs superlattice resulting from Zn diffusion has been analysed. It is found that the presence of As overpressure reduced the penetration depth of the Zn profile. This resulted in less disordering of the superlattice layers than when the diffusion was performed under dissociation pressure of As. No dislocation loops were observed in the specimens which had been diffused at As dissociation pressure. This has been explained in terms of supersaturation of the generated group I11 interstitials. This is in contrast to the case when excess As was added to the ampoule, where supersaturation of group I11 interstitials occurs and dislocation loops are observed. Three suggestions have been put forward to explain the difference in Zn-diffusion depth. One requires that the group I11 interstitial platelets act as precipitation centres, the next requires the enhancement of the diffusivity of the group I11 vacancies and the last requires the fast diffusion of group I11 interstitials.
